Abstract DNA based storage systems received attention by many researchers in the last few years. This includes archival and re-writable (random access) DNA based storage systems. In this work, we have developed an efficient technique to encode the data into the DNA sequences using non-linear family of ternary codes. In particular, we propose an algorithm to encode data into DNA with high information storage density for archival storage using the sub-code of the Golay code. Theoretically, 115 exabytes (EB) data can be stored in one gram of DNA using our method.
Introduction
Social networking and loT (Internet of Things) produce immense data, which prompt the data scientists to strive for the development of better data storage medium. The optical, digital and cloud data storage [1] media have their own limitations and therefore require regular maintenance. While the computer scientists are endeavoring to develop dense data storage medium, researchers at the other end are exploring natural medium to safeguard this data. The properties of DNA like scalability, density and long term stability makes it ideal for the long term archival of data. A good deal of work have been done to store the data on the DNA [2] [3] [4] [5] . By employing error correction for DNA data storage, the breakthrough was made by N. Goldman and his team [6] in 2013. They developed a novel approach (using four folds redundancy) for storing the data of size 739 KB on DNA. But due to redundancy there was an increase in the length of DNA which makes the technique expensive to use for commercial purpose. In 2014, Aldrin Kay-Yuen Yim et al. [7] introduced a method using Low Density Parity-Check (LDPC) codes to encode data in the large DNA chunk. The main challenges in the DNA data storage systems are the limitations regarding the size of the data inserted in DNA and the cost associated with DNA synthesis and sequencing technology. The work of Goldman [6] and Church [5] has laid a cornerstone for DNA based data storage systems. Recently the model of DNA channel for data storage is proposed by Han Mao Kiah et a1. [8] . In [9] , Reed Solomon codes based DNA storage system has been outlined. Also a rewritable random access DNA based storage system has been very recently reported [10] . In this work, we have developed error correction scheme (using a family of non-linear ternary codes) by modifying Goldman's scheme [6] for the error correction along with improvement in the storage capacity to store the data on The paper is organized as follows. Section 2 briefly describes related work and discusses the Goldman's approach. Section 3 gives our work on non-linear ternary codes. Section 4 analyzes the class of DNA Golay sub code. Final section concludes the paper with general remarks.
Error correction for DNA storage
There are various error correction schemes used for DNA based data storage systems in the last decade (see for example, [11] , [12] ) but the effective schemes were first introduced by Church et al. [5] and Goldman et al. [6] . Using next generation synthesis and sequencing technology, Church came up with efficient one bit per base algorithm of encoding information bits into fixed length of DNA chunks (of size 115 bases). At the beginning and end of the data block, flanking primers were inserted to identify the specific DNA segment in which the particular data was encoded. But this method includes homo-polymer repeated sequences that cause errors while writing and reading the data. This difficulty was resolved in Goldman's approach. Goldman used one bit per base system introduced by Church and modified it by employing the improved base 3 Huffman code (trits of 0, 1 and 2) encoding scheme. Trits is the string (or ternary codewords) that consist of elements from {a, 1, 2}. Tn Goldman's approach, (main four steps are shown in Fig 1) , the original file of binary code is converted into ternary code. This is further converted into the triplet DNA code. Tn particular, binary digits holding the ASCrr codes were converted to base-3 Huffman code that replaces each byte with ternary codewords (trits) of length 5 or 6. Each of the trit was encoded with one of the three nucleotides different from the previous one used (to avoid homopolymers that cause error in the synthesis of DNA). DNA strand was divided into chunks each of length 117 base pair (bp). To include redundancy for error detection and correction, 75 bases of each DNA information chunks were overlapped and repeated four folds to retrieve the data lost from either of the repeated DNA chunks. For the data security, every alternate chunk was reverse complement to the DNA strand. Each DNA chunk was appended with an indexing information bit to determine the location of the data in each chunk and the file from which it is generated. At the end parity check bit was added for error detection. For details the readers may refer to [6] . We modified the Goldman's scheme further as described in the next section.
Family of Non-Linear Ternary Codes
The approach introduced by Goldman was expensive as the length of the DNA used to encode the data was very Proceedings of IWSDA' 15 Stepwise encoding of data into DNA using Goldman's approach is explained in detail. In this, original file is converted to binary code which is then converted to a ternary code, which is further converted to the DNA code. Four fold redundancy is added to each DNA chunk by introducing reverse complement to every alternate DNA chunk. DNA chunk index is added to each DNA chunk to locate the file.
large. In this work, non-linear ternary codes are used instead of Huffman codes as referred to Fig 3. The non-linear ternary codes described here improve the storage capacity of DNA by decreasing the length of the DNA required for storing a file. Any arbitrary computer file can be converted into list of ASCII values ranging from G to 255. Therefore we need a set of 256 ternary codewords, each corresponding to one value in {G, ... , 255}, to encode any such file into DNA string. From the exhaustive search and enumeration of codewords we have identified and constructed seven families of non-linear ternary codes with the parameters (9,256, 3h, (11,256, 5h, (15,256, 7b (18,256, 9h, (21,256, 11h, (24,256, 13h and (26,256, 15h respectiveley [13] . Among these, (11, 256 , 5h is a sub code of the ternary Golay code (listed in the Table 2 ) [14] . We discuss encoding using the subcode (11,256, 5h in detail. The ternary Golay code consists of 729 codewords of length 11 with minimum hamming distance 5. This allows the receiver to identify 4 trits of errors and correct 2 trits of errors that occur in the codeword. The steps band c of the algorithm shown in Fig 1 were modified by using the sub-code of the ternary Golay codes instead of Huffman codes (see Fig 4) . Each byte of a computer file is encoded to the Golay code sub-code ( Table 2 ). The table consists of 243 codewords from 729 Golay codewords such that minimum hamming distance between any two codewords is 6. These 243 codewords were assigned to 243 ASCII values having the highest probability of occurrences according to the frequency table used by Goldman as described in their supplementary file. The remaining 13 ASCII values were assigned with codewords chosen randomly from the remaining set of ternary Golay codewords i.e. these 13 codewords will have minimum hamming distance 5 with other 243 codewords. This ensures that by a maximum likelihood decoding one can correct up to 2 trit flip error. Since there exist only 243 codewords in the set of 3 11 codewords with minimum ham-124 ming distance 6, it is impossible to construct a code consisting of minimum 256 codewords such that the length of each codeword is 11 and the minimum hamming distance is more than 5. The file information (i.e. file size and file extension) was encoded using the same table and appended at the end of this string with Golay codes of comma and semicolon as separators. Next, this string of trits was converted to DNA such that only one of the three nucleotides, different from the last one, was used to encode current bit into nucleotide. The resulting DNA sequence was divided into segments (or chunks) each of length 99 bases as shown in Fig 2 where (i = 99) is number of bases used for storing file content. Here, A is the number of bases required to store file index number (no of file index trits = 2, thus allowing maximum of 9 files to be distinguished), f..l is number of bases required for storing chunk index (no of segment index trits f..l = flog3 (total no of segments) 1) and one base for odd parity-check trit [6] was appended at the end of each segment. This parity is obtained by summing odd bits of a file identifier and a chunk index. Fig.4 : Improved error correction approach for DNA data storage using DNA Golay sub-code is shown here. It depicts the steps of conversion of file into DNA sequence by using DNA Golay sub-code table. In first step, binary code (blue bar) was mapped to base 3 non-linear ternary code (orange bar) where each byte was replaced with base 3 numbers called trits (for ternary codeword with 11 trits). These trits were then converted to DNA code (green bar) by replacing each trit with one of the three nuc1eotides different from the previous one used to avoid homopolymers. Long DNA was divided into DNA chunks of length 99 base pairs without redundancy. Each DNA segment was appended with index, file identifier and parity trits. Table 2 ). Thus using 
Codeword corresponding to letter D is 02221221120 andfor A is 10111000101 (see

Analysis
The performance of error correcting codes used for DNA data storage can be measured by information storage capacity and information ratio of base to bits. Family of non-linear codes described here have many advantages over other codes used for DNA data storage. It has properties like higher data density, lower DNA storage cost and code rate almost equal to 0.5. We briefly discuss them. 
DNA Information Density
DNA Storage Cost
The cost of DNA synthesis and sequencing is a major limitation of DNA storage medium. Considering the synthesis cost to be $0.05 per base [6] , total cost per MB for different file size (bytes) was plotted by us. Using DNA Golay sub-code, required amount of the DNA was decreased as a result of which cost of storage was declined. We also plotted the cost to store the data using various non-linear ternary codes of our family. We observe that with an increase in the amount of data, there is negligible increase in cost per unit data (1 MB) associated with the DNA based storage using the non-linear family of codes identified by us. Tn contrary, the cost for the DNA increases with the increase in data using Goldman's method.
Tradeoff for Code Rate
The information rate of our encoding scheme is 0.73 bits per base by encoding 8 bits into 11 DNA bases per byte (i.e. 8/11 = 0.73 bits per base). It can be improved further to 0.89 by using 9 base per byte (i.e. 8/9 = 0.89 bits per base) by encoding each byte using code (9,256, 3h , at the cost of reduction in error detection capacity to 2 trits and correction capacity to 1 trits per codeword. It can be observed that error correction capacity t for each code increases linearly with an increase in the length of the code n. But with an increase in these two parameters, there is decline in the code rate. For the reliable data storage, code rate is optimal with (11,256,5h code, if one choose a code family (9,256, 3h, there is decrease in the code rate. Hence there is an open challenge for the construction of codes with optimal code rate for the DNA based archival storage medium. Thus one can conclude that at present the code of family (11,256, 5h is an optimal code.
Conclusions
In this paper, we have introduced non-linear family of DNA codes with the different parameters to develop an efficient DNA based archival information storage system. Using the non-linear ternary Golay sub-code (DNA Golay subcode), we are able to correct 2 flip errors per block of 11 nucleotides along with the significant improvement in storage capacity. Using this approach, we obtained significant difference in data storage density and length of DNA required compared to Goldman's et al approach. We also developed a software DNA cloud 2.0 which implements our encoding schemes. The software is available at http://www.guptalab.orgldnacloudJ. We hope our codes generates interest in coding theory community to construct better coding schemes for this upcoming area.
